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This report summarises the recent studies of the Bose-Einstein Correlations (BEC) carried out by the four LEP experiments using hadronic Z 0 decay events and e + e − reactions leading to the WW decay final states. The three identical charged pion systems π ± π ± π ± have been studied by OPAL with 4 × 10 6 hadronic Z 0 decays events. The genuine three-pion correlations corrected for Coulomb effects, were separated from the known two-pion correlations by a novel subtraction procedure using the data events themselves. From this analysis a value of r3 = 0.580 ± 0.029 fm was obtained. The recent L3 study of the two-dimensional two-pion BEC is also discussed. In this study, which utilised the longitudinal comoving system, evidence is given for a non-spherical di-pion emitter shape where the ratio of the minor to major axes is found to be 0.74 ± 0.09. Next we summarise the experimental aspects of the BEC and colour reconnection phenomena in W-pair events at LEP and their contribution to the systematic error associated with the MW measurements. Finally we describe the first attempts to evaluate the ΛΛ(ΛΛ) emitter dimension via the Pauli exclusion principle with a combined result of RΛΛ = 0.14 +0.07 −0.03 fm.
Introduction
Bose-Einstein Correlations (BEC) of two identical bosons, in particular two pions and two kaons, have been studied in the past over a wide range of energies in various particles interactions. From these measured correlations it was possible to extract values for the dimension of the bosons emitter which in the case of e + e − annihilation was found to be in the range of 0.7 to 1.0 fm independent of energy. The e + e − collider LEP at CERN, which operated for several years at the energy of the Z 0 mass, resulted in some 4×10 6 hadronic events collected in each of the four detectors, ALEPH, DELPHI, L3 and OPAL. These high statistics samples have been recently utilised to extend the BEC studies to higher orders and dimensions. In its 2nd phase, the LEP energy was increased in steps to reach in 1998 the value of 189 GeV, well above the W + W − production threshold. This presented the experiments with the possibility to measure M W with high precision provided that the final state interactions (FSI) effects of colour reconnection (CR) and the two-pion BEC are well understood. In this note we summarise in Section 2 the most recent studies of the genuine three charged pions BEC of OPAL and in Section 3 the analysis of the 2-dimensional two-pion BEC of L3 carried out with hadronic Z 0 decay events is described. We further summarise in Section 4 the results obtained by the four LEP experiments for the colour reconnection and π + π + BEC effects 2 in the e + e − → W + W − reaction. Whereas the emitter radius of two identical bosons, mainly pions, have evaluated in many reactions and energies, essentially nothing was known until recently on the emitter dimension of two identical baryons, R BB , in multihadronic final states. The first measurements of R ΛΛ in the hadronic Z 0 events are described in Section 5. Finally conclusions are drawn in Section 6.
Studies of the one-dimensional 3π BEC
The BEC of two identical charged pions can be measured in terms of the ratio R 2 (Q 2 ), which in this case is identical to the correlation function C 2 (Q 2 ), namely:
Here N ++ (Q 2 ) is the number of π + π + data combinations and M ++ C (Q 2 ) is the corresponding Monte Carlo (MC) combinations where the MC simulates the data in all aspects but is void of BEC. The Lorentz invariant Q 2 variable used in this ratio is defined by Q
2 where q 1 and q 2 are the four momenta of the two identical pions. In the two-pion BEC studies the values for the wo-pions emitter radius were found to be in the range 0.6 − 1.2 fm, independent of the interaction type or the centre-of-mass energy [1] . Similarly the three-pion BEC can be studied by the ratio
where the variable Q 3 is defined by Q
However, unlike the case of R 2 (Q 2 ), R 3 (Q 3 ) does NOT only measure the so called "Genuine" three-pion BEC but also the two-pion BEC and therefore R 3 (Q 3 ) = C 3 (Q 3 ). Thus the measurement of the genuine three-pion correlation, requires a special procedure to subtract from R 3 (Q 3 ) the contribution coming from the two-pion BEC. Assuming a spherical shape with an exponential density for the three-pion emitter one can parametrise the experimental distribution by the expression
where λ 3 , which can vary within the limits 0 ≤ λ 3 ≤ 1, measures the strength of the three-boson BEC effect and r 3 estimates the size of the three-boson emitter. The κ is a normalisation factor and the term (1 + εQ 3 + δQ 
The genuine 3π BEC
The genuine Bose-Einstein Correlations (BEC) of three identical charged pions, π + π + π + corrected for the Coulomb effects have been studied in 4 × 10 6 hadronic Z 0 decays recorded by the OPAL detector at LEP [2] . In this study the chosen reference sample was generated by the JETSET7.4 Monte Carlo (MC) program. To subtract from R 3 (Q 3 ) the contribution of the two-pion BEC a novel method has been applied which utilises the data events themselves. The over-all excess δ +++ (Q 3 ) can be written as a sum
is the three-pion enhancement due to the two-pion BEC. From straightforward combinatorial considerations the relation
strictly holds when summed over all allowed Q 3 values. The factor n +++ /n ++− is the average ratio between the number of π + π + π + and the π + π + π − combinations per event of the analysed data sample. It was further verified experimentally that this relation holds also to a very good approximation in its differential form, namely
Thus the genuine three-pion correlation function is given by Fig. 1 [right] the data distributions of δ +++ and n +++ /n ++− × δ ++− are shown as a function of Q 3 . As can be seen, the two distributions overlap at values of Q 3 > 0.7 GeV. At smaller Q 3 values, a significant difference is seen between the two distributions which is attributed to the genuine threepion BEC. This δ +++ representation of the three-pion BEC enhancement can of course also be used for the two-pion BEC as is seen in Fig. 1 [left] for the OPAL data [3] . The related R 3 (Q 3 ) and R 1,2 (Q 3 ) are shown in Fig. 2a and the genuine three-pion BEC function C 3 (Q 3 ) is shown in Fig. 2b where a clear enhancement is observed at the lower end of the Q 3 range. A fit of Eq. 1 to the data yields for the genuine three-pion BEC strength λ 3 and emitter dimension r 3 the values λ 3 = 0.504 ± 0.010(stat.) ± 0.041(syst.) and r 3 = 0.580 ± 0.004(stat.) ± 0.029(syst.) fm where the uncertainties of the measured parameters are strongly dominated by the systematic errors. These values are also illustrated in Fig. 4 by the 68% and 95% confidence level contours and the best value point drawn in the r 3 − λ 3 plane. The shape of the contours is determined mostly from the systematic errors. These results of OPAL establish the existence of a genuine three-pion BEC with a significance of about 10 s.d. It is of interest to compare the OPAL results with those obtained in a former study of the genuine three-pion BEC carried out by DELPHI [4] with 10 6 Z 0 decay events. In that analysis no account has been taken for the Coulomb effect and the subtraction of the two-pion BEC has been achieved with the help of a MC generated sample and an event mixing procedure. The DELPHI R 3 (Q 3 ) of the π + π + π + and the π + π + π − states are shown in Fig. 3 . The fitted values for the genuine BEC strength and the emitter dimension are given in Table 1 where they can be compared with the OPAL results before the inclusion of the Coulomb correction. Whereas the two experiments agree within 2 s.d. on the r 3 value they differ in their λ 3 values which in the case of DELPHI is less than 4 s.d. away from zero. The OPAL and DELPHI r 3 results are compared in Table 2 with former values obtained in three-pion BEC studies in e + e − annihilation and hadronic interactions. Most of these analyses have not isolated the genuine three-pion BEC nor did they correct for Coulomb effects. Nevertheless in general the average r 3 value is seen to be smaller than r 2 in agreement with the expectation [5] that r 2 / √ 3 ≤ r 3 ≤ r 2 / √ 2 which in the case of r genuine 3
reduces to r
Parameter Without Coulomb Corr. With Coulomb Corr.
0.616 ± 0.005 ± 0.029 0.580 ± 0.004 ± 0.029
0.657 ± 0.039 ± 0.032 3 Two-dimensional 2π BEC
In general BEC analyses of the two and more pion systems, like those discussed in the former subsection, are parametrised in a one-dimensional emitter shape i.e., they are taken to be of a spherical shape. It is however not unreasonable to expect that in the presence of jet fragmentation the pion emitter shape will deviate significantly from a sphere. This possibility has been recently the subject of many theoretical studies [6] . On the experimental side, the L3 collaboration [8] undertook a two-dimensional BEC analysis of the π + π + pairs using about 10 6 hadronic Z 0 decay events. The analysis used the longitudinal co-moving system (LCMS) [9] . This system, shown in Fig. 5 , is defined for each pair of pions as the system in which the sum of the pion-pair momenta p 1 + p 2 , referred to as the 'out' axis, is perpendicular to 'thrust' axis. The third axis, which is perpendicular to the 'out'−'thrust' plane, is referred to as the 'side' axis. For each pion-pair Q out , Q side and Q thrust = Q are determined. In a two-dimensional analysis one adds in quadrature Q out and Q side to form the transverse component Q T (see Fig.  5 ). The Lorentz invariant variable used in one-dimensional analysis is then equal to For the BEC analysis L3 has used a reference sample which was created by the mixing events technique. In the analysis, the experimental distributions in the two-dimensional space Q and |Q T |, are parametrised by
where λ measures the strength of the BEC effect and R and R T are respectively the parallel and perpendicular dimensions of the pion emitter. The term (1 + δQ + ǫ|Q T |) takes in account possible long range correlations and κ is a normalisation factor. The values of λ, R and R T obtained in the fit of Eq. 2 to the entire data are listed in Table 3 . As expected, R is larger than R T indicating a non-spherical shape for the pion emitter. It has been suggested that the radii R and R T are function of the two-pion transverse mass
namely, the higher m T the lower are the radii [6] . Furthermore in heavy ion collisions the relation between the radii and m T was found to be R ∝ 1/ √ m T . As for λ, it is expected to increase with m T . For this reason L3 repeated their analysis fitting Eq. 2 to the data in three separated m T regions. The results of these fits are shown in Table 3 GeV, just above the W + W − threshold, where the mass of the W was evaluated from the production cross section. The rest of the data, taken at 172 and 183 GeV, were used for the M W measurement through a direct W reconstruction from the hadronic final states. The e + e − →W + W − reaction can be divided into three samples characterised by their decay channels. These are given in Table 4 together with the corresponding branching ratio (BR) values and the average values for their purity and detection efficiency in the LEP experiments. The first item consists of a pure hadronic event sample where FSI can occur within a single W decay or between the two different W bosons. In the second sample, often referred to as the semileptonic event sample, final state interaction can only occur within a single W and thus is not expected to affect the direct W mass reconstruction. In the full leptonic events sample no direct M W reconstruction is possible. From the practical point of view of the M W measurement, FSI are only of consequence if they occur between the two W's in the hadronic events. A common used method for the W mass measurement with the selected e + e − → W + W − →qq ′′ events consists of grouping the final state hadrons into exactly four jets using one of the existing jet finder algorithms. A priori there are three possible ways to group the four jets into two pairs of jets. The final pairing choice is achieved by a fit procedure where the pairing with the highest fit probability is taken to be the correct one. At LEP2 energies the two W-bosons decay within a distance of about 0.1 fm, smaller than the hadronisation scale of ∼ 1.0 fm. Thus the fragmentation process of the two hadronic decay products from the two W-bosons in the same event are not necessarily independent. Two main sources of possible interconnection between the two W-bosons decay products have been considered, Bose-Einstein correlations and the colour reconnection.
Bose-Einstein correlation in WW decays
In dealing with a possible two-pion BEC effect on the M W measurement, it is useful first to investigate the BEC separately in the three decay channels defined in Table 4 where they are listed together with their branching ratio (BR) values and the purity and efficiency achieved for them in the LEP experiments. Typical C 2 (Q) = N ++ (Q)/M ++ c (Q) distributions for these three channels, obtained by OPAL [10] from the LEP2 data, are shown in Fig. 6 [left] where low Q enhancements is seen in all the channels. In Table 5 we show the BEC parameters obtained by the ALEPH [11] , DELPHI [12] and OPAL [10] collaborations from fits of an equation of the type:
to their data. Here r 2 is the radius of the pions source and λ 2 , which varies between 0 and 1, measures the strength of the two-pion BEC effect. The term (1 + εQ + δQ 2 ) accounts for long range correlations and κ is a normalization factor. As can be seen from Table 5 , significant two-pion BEC exists in the fully hadronic events. In the semileptonic events, due to the relative low statistics, the λ 2 values are only about 3 s.d. away from zero. To note is that DELPHI and OPAL have also examined the BEC in the non radiative e + e − → (Z 0 /γ) * →events. In both experiments a λ 2 significant from zero was found. Whereas DELPHI chose for the fit a fixed r 2 value of 0.65 fm, OPAL obtained from their fit an r 2 value consistent with those obtained with data at e + e − energies on the Z 0 mass and below. Important to note is that the BEC results for the semileptonic WW data are coming from the same W whereas the crucial question for the M W measurement is whether BEC exist also for pions coming from different Ws. A handle on this question can be obtained from a comparison of the BEC effects in the fully hadronic sample and in the semileptonic sample. To this end one can define a probability density P (Q) are respectively the probability density of two identical pions from the same W and from different Ws in the event. Using a MC generated sample without BEC effects and assuming independent decays of the Ws one can form a correlation function for pion-pairs coming from different Ws
This correlation function will be zero if there are no BEC between pion-pair of different Ws (see e.g. [12] ). Assuming the form P
2 ) for i = s or d another correlation function can also be studied, namely
where g(Q) is equal to:
In the last step r 2 ≡ r s = r d is assumed. This basic correlation function can further be expanded and modified to include the WW semileptonic data and the contribution from the non-radiative e + e − → (Z 0 /γ) * →data which infiltrated in the selection of the WW events. The
0.32 ± 0.17 0.75 ± 1.80 -OPAL r 2 (fm) 0.92 ± 0.09 ± 0.09 0.92 ± 0.09 ± 0.09 0.92 ± 0.09 ± 0.09 λ 2 0.63 ± 0.19 ± 0.14 0.22 ± 0.53 ± 0.14 0.47 ± 0.11 ± 0.08 Table 6 . BEC parameters results from the fit to the WW events.
four LEP experiments have, so far, adopted somewhat different approaches, which are related to the correlation function described above, to extract information on the λ d . DELPHI and ALEPH, in their preliminary study compared their results for the BEC in the fully hadronic WW data at 183 GeV (DELPHI) and 172+183 GeV (ALEPH) , with MC generated samples having two-pion BEC in the same and different W bosons. Their studies have indicated that λ d is consistent with zero. The L3 collaboration [13] used a fitting procedure to obtain the BEC parameters λ s , r s and λ d , r d which are presented in Table 6 . In the analysis of OPAL an expanded version of the correlation function described above has been used where also non-pion contamination has been considered. However due to the relative small statistics, r s = r d = r (Z 0 /γ) * had to be assumed. The OPAL fit results are also presented in Table 6 . As seen from this table, the values obtained by L3 and OPAL for λ d are non-zero but due to the small statistics there are associated with large errors and therefore are also consistent with zero. This situation is best illustrated in Fig 6 [right] where the 67% confidence level contour for the OPAL λ same versus λ diff fit results are shown together with the best value. From this figure one concludes that with the present statistics even values of λ diff > λ same cannot be excluded.
Colour reconnection in WW decays
In addition to the two-pion BEC discussed above, another type of FSI may affect the data namely the colour reconnection phenomenon. This leads to a rearrangement of the colour flow between the two W bosons. A variety of models, implementing interconnection effects, have been proposed [14, 15] which predict different biases in the measurement of the M W from the W + W − →qq ′′ channel. The extraction of the effect from the data is usually done by comparing various properties of the 4q and qqlν final state samples such as the charged multiplicity and average scaled momentum distributions in addition to global variables such as the mean thrust and the mean rapidity. All the four LEP experiments [16, 17] This result is consistent with the absence of any change in the n 4q ch due to colour reconnection. Essentially all the Sjöstrand-Khoze, HERWIG and ARIADNE models [14, 15] are consistent with data. Some more extreme models however, such as the instantaneous reconnection scenarios in the Sjöstrand-Khoze model, and the ARIADNE model AR 3 [15] , in which gluons having energies greater than Γ W are allowed to interact, are disfavoured. DELPHI and OPAL [16, 17] 
M W uncertainties from FSI
In the absence of any experimental evidence for the existence of FSI between the decay products of different W-bosons, the systematic uncertainty from such effects is for the time being estimated from Monte Carlo models [18] . The DELPHI, L3 and OPAL collaborations quote for M W measured in the channel W + W − →qq ′′ a combined systematic uncertainty of 100 MeV for BEC and CR. The ALEPH Collaboration quotes 25 MeV for CR and 50 MeV for BEC. Thus the combined LEP result for the W-boson mass obtained from direct reconstruction and threshold measurements using both the fully hadronic and semileptonic data is currently evaluated to be [18] :
The reduction from ∼ 90 GeV to 40 GeV of the uncertainty coming from FSI is due to the fact that the final M W is coming also from the semileptonic sample where no FSI are present.
then the following function can be fitted to the data:
where f BG is the background fraction in the data. The fraction of the S=1 spin content, ε, as a function of Q has been measured in ∼ 4 × 10 6 hadronic Z 0 decays per experiment at LEP by the OPAL [21] , ALEPH [22] and DELPHI [23] 
to the data points plotted in the figure. The constant 0.75 appearing in the function represents a statistical spin mixture which is proportional to 2S + 1. From this over-all fit the dimension of the ΛΛ emitter and its errors are found to be R ΛΛ = 0.14 +0.07 −0.03 fm The ∆χ 2 = χ 2 − χ 2 min behaviour of this fit is shown in Fig. 7b . The ALEPH collaboration has also used an alternative method to measure R ΛΛ . In that method one constructs, similar to the BEC studies, a correlation function of the type
where the numerator is the data distribution and the denominator is the distribution of a reference sample void of the Fermi-Dirac statistics. This C ΛΛ 2 (Q) correlation is expected to decrease at low Q values due to the onset of the Pauli exclusion principle. From this analysis ALEPH evaluates R ΛΛ to be (0.10 − 0.09) ± 0.02 fm in perfect agreement with the values obtained from the spin composition analyses.
Comparing R ΛΛ with former measured r 2 (KK) [24] and r 2 (ππ) [1] values it is interesting to note that the larger the mass of the emitted particle the smaller is the dimension of its source.
Conclusion
The LEP studies of BEC have been extended by OPAL to one-dimensional genuine identical charged three-pion system. These genuine BEC reveal a significant enhancement near threshold which may warrant their implementation in the MC models. Furthermore it may be thus important to extend these studies to higher orders. The L3 collaboration has extended the two-pion BEC studies to two dimensions. Their results indicate that the emitter shape is not spherical. Extension of this study to three dimensions is straight forward and of considerable interest. So far no experimental conclusion can be derived for the contribution, if any, of the BEC and/or colour reconnection on the W + W − →qq ′′ channel. Thus the systematic error due to FSI associated with the measured M W are estimated from model dependent MC studies. It is expected however that by the year 2000 sufficient data will be available to extract from them the FSI effects on the measured W mass. Recently information is also gathered on the baryon emitter dimension. This should be further explored, not only experimentally but also theoretically.
